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a  b  s  t  r  a  c  t
Dendritic  cells  (DC)  are  sentinels  of  the  immune  system  deriving  from  circulating  monocyte  precursors
recruited  to sites  of  inﬂammation.  In  a  previous  report  (Del  Prete  et  al., 2008)  we  showed  that,  after  dif-
ferentiation,  DC  exhibited  increased  number  of  condensed  mitochondria  and  dynamic  changes  in their
energy  metabolism.  A  study  is  presented  here  showing  that  the  DC  differentiation  process  is character-
ized  by  increased  expression  level  and  activity  of  mitochondrial  respiratory  complexes,  as  well  as by  an
increased  mitochondrial  DNA  (mtDNA)  copy  number.  Moreover,  DC  are  equipped  with  more  efﬁcient
antioxidant  protection  systems,  over  expressed  most  likely  to  detoxify  increased  ROS  production,  as  a
consequence  of  the  much  higher  mitochondrial  activity.  Kinetic  analysis  of  the  three  main  mitochon-
drial  biogenesis-associated  genes  revealed  that  the  peak  in  PPAR  coactivator-1alpha  (PGC-1)  gene
expression  was  suddenly  reached  few  hours  after  the onset  of  the  differentiation.  While  PGC-1  expres-
sion  rapidly  declines,  the  mitochondrial  transcription  factor  A  (TFAM)  and  nuclear  respiratory  factor-1
(NRF-1)  expression  gradually  increased.  These  ﬁndings  demonstrate  that  an active  mitochondrial  bio-
genesis  occurs  during  DC  differentiation  and  further  suggest  that an early  input  by the  master  regulator
of  mitochondrial  biogenesis  PGC-1  is  needed  to trigger  the  subsequent  activation  of the  downstream
transcription  factors,  NRF-1  and TFAM  in  this  process.
© 2012 Elsevier Ltd. All rights reserved.
1. Introduction
Dendritic cells are professional antigen presenting cells that play
a critical role in the initiation and regulation of adaptive immune
responses (Steinman, 2003). DC derive from bone marrow progen-
itors or from monocytes and then either stay in the blood stream
or migrate into peripheral tissues, where they show an immature
phenotype. Immature DC, such as Langerhans cells in the skin, act as
sentinels, continuously taking up antigens and undergoing activa-
tion (Banchereau et al., 2000). During their maturation, DC migrate
to secondary lymphoid organs, where they become specialized
immune-stimulatory cells able to activate naive T cells (Sozzani,
2005).
In a previous report, we showed that the differentiation process
of peripheral blood monocytes to DC requires growth factor
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dependent production of intracellular Reactive Oxygen Species
(ROS) (Del Prete et al., 2008; see also Sattler et al., 1999; Sheng et al.,
2010). As revealed by ultrastructural analysis, DC exhibited an
increased number of condensed mitochondria compared to mono-
cyte precursors. A higher endogenous respiratory activity together
with an increase in ATP content and mitochondrial enzyme citrate
synthase activity was also found. Moreover, the presence of mito-
chondrial Complex I inhibitor rotenone into the culture medium
caused inhibition of the DC differentiation process, through
inhibition of mitochondrial ROS production (Del Prete et al., 2008).
Mitochondria are best known for their role in ATP production
through oxidative phosphorylation, calcium homeostasis, apopto-
sis and cell signalling (Kroemer and Reed, 2000; Chan, 2006).
Furthermore, mitochondria are the major source of endogenous
ROS that play a key role in cell physiology including cell differenti-
ation and proliferation (Kiefel et al., 2006). Mitochondria possess
their own genomic apparatus, mtDNA, a 16.5 kb closed-circular
double stranded DNA, which codes for some of their proteins. Con-
sequently, mitochondrial biogenesis is highly orchestrated by the
transcriptional regulatory circuits between this mtDNA and nuclear
genes encoding mitochondrial proteins (Garesse and Vallejo, 2001;
Kelly and Scarpulla, 2004). Transcription of mtDNA requires, in
addition to the mitochondrial speciﬁc DNA polymerase gamma
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(POLG), a small number of nucleus-encoded proteins compris-
ing the mitochondrial transcription factor A (TFAM) (Clayton,
1998; Scarpulla, 2002). Additional regulating elements include
the transcription factor NRF-1 and members of the PGC-1 family
(Scarpulla, 2008). In particular, PGC-1  appears as a master regu-
lator of mitochondria biogenesis due to its ability to activate TFAM
through direct interaction with NRF-1 (Goffart and Wiesner, 2003;
Scarpulla, 2011).
In the present study the process of mitochondrial biogenesis
accompanying the differentiation of monocyte precursors in DC
was examined. In particular, we focused on the structural and
functional changes in mitochondrial respiratory complexes and the
expression and activity of anti-oxidant enzymes occurring during
this process. Moreover, a direct comparison of the expression level
of mitochondrial proteins was performed by using a new technical
approach which allows pure mitochondrial fraction to be isolated
from both monocytes and DC. Finally, the mtDNA content and the
gene expression changes occurring during the monocyte to DC tran-
sition were studied, together with the kinetics of the transcription
of mitochondria-related genes over the 6-days culture period.
2. Materials and methods
2.1. Dendritic cell generation and characterization
Peripheral blood mononuclear cells (PBMC) were isolated by
the standard Ficoll-Paque (Amersham, UK) gradient centrifugation
from buffy coats (obtained through the courtesy of the local Blood
Bank, Polyclinic Hospital, Bari, Italy). Monocytes were puriﬁed by
immunomagnetic separation using anti-CD14 conjugated magnetic
microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) and cul-
tured for 6 days at 1 × 106/ml  in RPMI 1640 medium (Biochrom AG,
Leonorenstr, Berlin) supplemented with heat-inactivated 10% FBS
(EuroClone, Milan, Italy), GM-CSF (50 ng/ml) and IL-4 (20 ng/ml)
(R&D Systems, Minneapolis, MN). Surface phenotype analysis was
performed using human Mo-DC differentiation inspector, contain-
ing monoclonal antibodies recognizing CD14, CD83 and CD209 and
corresponding isotype controls (Miltenyi Biotec).
2.2. Mitochondria isolation with superparamagnetic microbeads
Mitochondria from monocytes and DC were puriﬁed by using
the superparamagnetic anti-translocase of outer mitochondrial
membrane 22 (-TOM22) microbeads (Miltenyi Biotec). Brieﬂy,
monocytes and DC were washed twice with phosphate-buffered
saline (PBS), and lysed by shearing through a needle (29G) approx-
imately 40 times. After cell disruption, an aliquot of the lysate was
examined for trypan blue exclusion to ensure that 80% of the cells
were lysed. For magnetic labelling, cell lysate was  incubated with
anti-TOM22 microbeads for 60 min  at 4 ◦C, with gentle shaking.
Subsequently, cell suspension was loaded onto a pre-equilibrated
MACS column, and ﬁnally, retained mitochondria were eluted. Fol-
lowing centrifugation at 16,000 × g for 1 min, the mitochondrial
pellet was ﬁnally resuspended in the appropriate storage buffer.
2.3. Measurement of respiratory complex activities
Monocytes and DC were suspended in a medium contain-
ing 75 mM sucrose, 40 mM KCl, 5 mM KH2PO4, 3 mM MgCl2,
0.5 mM EDTA and 30 mM Tris–HCl (pH 7.4) (Buffer A) and sup-
plemented with 30 g/106 cells digitonin as previously described
(Sgobbo et al., 2007). After 2 min, cell suspension was centrifuged
and the pellet was resuspended in hypotonic medium contain-
ing 25 mM KH2PO4 (pH 7.2), 5 mM MgCl2 and the anti-protease
cocktail tablet (Roche, Basel, CH) (Buffer B). After freezing and
thawing three times, the protein concentration was determined.
Enzyme activities were measured using a Beckmann DU7400 spec-
trophotometer. Complex I activity was assayed by following the
rotenone-sensitive initial rate of NADH oxidation at 340–425 nm
(ε = 6.81 mM−1 cm−1). 200 g/ml protein were added to Buffer B
containing 2.5 mg/ml  of BSA, 2.2 mM KCN, 3.6 g/ml antimycin A
and 71 M decylubiquinone. The reaction was started by the addi-
tion of 68 M NADH followed by 1.8 g/ml rotenone. Complex IV
activity was  measured following the oxidation of ferrocytochrome
c at 550–540 nm (ε = 19.1 mM−1 cm−1). 50 g/ml of protein were
added to Buffer B supplemented with 3.3 g/ml antimycin A and
500 M dodecyl maltoside. The reaction was  started by the addition
of 9 M reduced cytochrome c, in the absence and in the presence
of 1.6 mM KCN.
2.4. Measurement of intracellular ATP
ATP concentration was  determined using a bioluminescence
somatic cell assay kit, following the manufacturer’s instructions.
2 × 104 cells were used for each sample. Chemiluminescence sig-
nals were acquired with a Victor X3 Multilabel Plate Readers
(PerkinElmer, San Josè, CA, USA).
2.5. Measurement of lactate production
Analysis of lactate released into the culture medium was car-
ried out spectrophotometrically by following NAD+ reduction at
340 nm,  as previously described (Del Prete et al., 2008).
2.6. Anti-oxidant enzyme activities
Superoxide dismutase (SOD) activity was measured using the
SOD assay kit (Cayman Chemical, Ann Arbor, MI), according to
the manufacturer’s instructions. Brieﬂy, monocytes and DC were
centrifuged at 16,000 × g for 1 min  and the cell pellet was homog-
enized using a 29G needle and centrifuged at 1500 × g for 5 min  at
4 ◦C. Finally, the supernatant was used for analysis of SOD activ-
ity. The addition of 4 mM KCN to the assay was  used to inhibit
both CuZn- and extracellular-SOD, thus allowing the detection of
the activity of MnSOD only. One unit of SOD was  deﬁned as the
amount of enzyme catalysing 50% dismutation of the superoxide
radical. Absorbance change was  recorded at 450 nm using a Victor
X3 Multilabel Plate Readers. Catalase activity was  assayed by mon-
itoring spectrophotometrically the rate of decomposition of H2O2
at 240 nm as previously described (Pacelli et al., 2011).
2.7. Western blotting analysis
Monocytes and DC or isolated mitochondria were separated
on 12% Tris–Tricine SDS-PAGE and blotted onto nitrocellulose
membrane. Western blot (WB) analysis was carried out using the
following primary antibodies: Fe–S protein 3 (NDUFS3) of Complex
I (MitoSciences Inc.; Eugene, OR, USA), Core I subunit of Complex III,
COX IV of Complex IV and porin (VDAC) (Invitrogen, Carlsbad, CA,
USA), TOM22 and TFAM (GeneTex, Inc., Irvine, CA, USA), MnSOD  and
CuZnSOD (Millipore, Billerica, MA,  USA), Catalase (Calbiochem, San
Diego, CA, USA), and GAPDH (AbD Serotec, Dusseldorf, Germany),
NRF-1 (Abcam, Cambridge, UK) according to the manufacturers’
suggested concentrations. Proteins were detected by chemilumi-
nescent LiteAblot reagent (EuroClone) and the relative optical band
densities were quantiﬁed by densitometric analysis using Quantity
One-4.4.1 imaging software (Bio-Rad Laboratories).
2.8. mtDNA quantiﬁcation
For determination of the mtDNA copy number, total DNA was
isolated from 5 × 106 monocytes and DC using EuroGOLD Tissue
Author's personal copy
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DNA Mini Kit (Euroclone). Content of mtDNA per cell was  measured
by using human mitochondrial DNA qPCR Detection kit (Gene More
s.r.l., Mo,  Italy).
2.9. Real-time quantitative reverse transcription-PCR
Transcript levels were quantiﬁed by real-time reverse
transcription-PCR by extracting total RNA using Trizol (Invit-
rogen) from monocytes and DC. RNA was then further puriﬁed and
DNase treated (Roche). First-strand cDNA was synthesized from
1 g of total RNA using iScriptTMcDNA Synthesis Kit (Bio-Rad) and
Oligo dT-primers, according to the manufacturer’s instructions.
mRNA expression for genes of interest was performed by RT
real-time PCR with the iQ SYBRgreen Supermix (Bio-Rad) on a
Bio-Rad iCycler iQ instrument. About 10% of each RT reaction
was used to run real-time PCR reactions. The real-time PCR
conditions were: 20′′ at 94 ◦C, 30′′ at 59 ◦C, 45′′ at 72 ◦C for 45
cycles, followed by a melt curve cycle. Quantitative normaliza-
tion of cDNA in each sample was performed using GAPDH as
internal control. Samples were analysed in duplicate. Relative
gene expression levels were determined by the comparative Ct
method. For RT real-time PCR experiments the following primer
sets were used: HNRF-1 F sense 5′-CCAGACGACGCAAGCATCAG-
3′, HNRF-1 R antisense 5′-GGGATCTGGACCAGGCCATT-3′ (gene
nrf-1); HTFAM F sense 5′-TGTTCACAATGGATAGGCAC-3′ HTFAM
R antisense 5′-TCTGGGTTTTCCAAAGCAAG-3′ (gene mt-tfa); Real-
ESSS-F inEx2 sense 5′-ACCCAGACTCCCATGGTTATG-3′, Real-163-R
antisense 5′-GGACCACTCTTTCATCCCATCC-3′ (gene ndufs11);
Glic-1 F sense 5′-GAAGGTGAAGGTCGGAGT-3′, Glic-4 R anti-
sense 5′-CATGGGTGGAATCATATTGGAA-3′ (gene Gapdh); Cyt
SOD F sense 5′-TGGTTTGCGTCGTAGTCTCCT-3′, Cyt SOD R anti-
sense 5′-AATGCTTCCCCACACCTTCA-3′ (gene sod1); MnSOD F
sense 5′-CTGGACAAACCTCAGCCCT-3′, MnSOD R antisense 5′-
CTGATTTGGACAAGCAGCAA-3′ (gene sod2); Catalase F sense
5′-TGGAAAGAAGACTCCCATCG-3′, Catalase R antisense 5′-
CCAGAAGTCCCAGACCATGT-3′ (gene catalase); PGC-1alpha F sense
5′-AAACAGCAGCAGAGACAAATGC-3′, PGC-1alpha R antisense
5′-TTGGTTTGGCTTGTAAGTGTTGTG-3′ (gene pgc-1 alpha).
2.10. Electron microscopy
Monocytes, immature DC (iDC) and mature DC (mDC) were ﬁxed
in 3% GTA (glutaraldehyde) in 0.1 M sodium phosphate buffer (pH
7.4) for 2 h, washed in the same buffer and then postﬁxed in 1%
OsO4 at 4 ◦C. Afterward, cells were dehydrated in graded ethanol,
and embedded in Epon 812. 60 nm ultrathin sections were cut
with a diamond knife on a LKB-V ultratome, stained with uranyl
acetate followed by lead citrate and examined under a Zeiss EM 109
electron microscope (Zeiss, Oberkochen, Germany). Digital images
were analysed and recorded with a cooled camera Gatan CMS
(Gatan GmbH, München, Germany).
2.11. Statistical analysis
Results are expressed as mean ± SEM. Statistical signiﬁcance
was determined by Student’s t test. Differences were considered
signiﬁcant when p < 0.05.
3. Results and discussion
Ultrastructural analysis revealed a signiﬁcant increment in the
number of condensed mitochondria in immature DC compared
to monocytes (Del Prete et al., 2008). To investigate whether the
differentiation was accompanied by structural as well as func-
tional changes in mitochondrial respiratory chain complexes, we
analysed the expression level of protein subunits of respiratory
complexes, as well as their speciﬁc enzymatic activities. Since load-
ing of equal amount of protein in WB  system did not show any
major difference between monocytes and DC in the abundance
of the mitochondrial complexes protein levels (Fig. 1A), proteins
derived from an equal number of nuclei were loaded. This WB anal-
ysis method, currently used by others (Franko et al., 2008), can
indeed take into account the protein synthesis occurring during
DC differentiation and demonstrate the actual increase in mito-
chondrial proteins per nuclear gene copy. From this analysis, a
statistically signiﬁcant increase in the protein level of NDFUS3 of
Complex I (1.79 fold), Core I of Complex III (2.28 fold), and Cox IV
of Complex IV (2.07 fold) (Fig. 1B) was observed in DC compared
to monocytes. The increase in the expression of protein subunits of
respiratory enzymes was  accompanied by changes of their catalytic
function. In fact, as shown in Fig. 1C, the enzymatic activity of Com-
plex I in monocytes, corresponding to 0.22 ± 0.05 nmol/min/106
cells, increased to 1.36 ± 0.20 nmol/min/106 cells in DC (6.18 fold).
Similarly, DC showed 4.47 fold increase in the activity of Complex IV
compared to monocytes (6.74 ± 0.46 vs 1.42 ± 0.18 nmol/min/106
cells, respectively). In order to compare directly the expression
of mitochondrial proteins between monocytes and DC, a new
magnetic sorting method was  used to isolate pure functional mito-
chondria from cultured cells, which turned out suitable also for a
small number of human primary cells (Hornig-Do et al., 2009). WB
analysis showed that the expression of the outer membrane pro-
teins TOM22, VDAC, and NDUFS3 in mitochondria isolated from
an equal nucleus number was signiﬁcantly increased in DC com-
pared to monocytes (Fig. 1D). Overall, these ﬁndings indicate that,
during the differentiation process of monocytes into DC, mitochon-
drial activity is greatly enhanced, as revealed by the increase in the
respiratory enzyme activities and in their protein expression levels.
In differentiated DC, mitochondrial oxidative phosphorylation
system appears to provide most of cellular ATP production. In fact as
shown in Fig. 2 the ATP content in differentiated DC increased pro-
gressively along with the differentiation process. Treatment with
the respiratory chain inhibitor rotenone reduced markedly the ATP
content, also causing a very large increase of lactate production.
Conversely, in the absence of rotenone, lactate release in the culture
medium was much lower. This strongly suggests that the increased
electron transfer capacity upon differentiation implies a higher
utilization of mitochondria for ATP synthesis. Interestingly, the acti-
vation process of T lymphocytes through CD28 signalling has been
described to be associated mainly to enhanced glycolysis, with only
a small proportion of glucose oxidized in mitochondria (Frauwirth
et al., 2002). From these results it can be argued that cell differenti-
ation and activation, which are deﬁnitely distinct processes, might
exhibit different metabolic state.
We have previously shown that a peak of ROS production, last-
ing almost 1 h, took place after the addition of growth factors to
monocyte suspension. The presence of rotenone in the monocyte
culture, as well as that of the classical antioxidant Catalase, caused
a similar drop in ROS production and a suppression of the DC differ-
entiation as revealed by a substantial reduction in CD1a expression.
Under these conditions oxygen consumption activity measured at
day +6 resulted to be strongly inhibited (Del Prete et al., 2008).
These experiments provide evidence for a causality relationship
between ROS and electron transfer activity accompanying mito-
chondrial biogenesis.
Furthermore, since the progressively increase of mitochondrial
activity of DC, compared to monocytes, likely represents a higher
potential of ROS production, it seems plausible that DC might be
equipped with more efﬁcient antioxidant enzymatic protection
systems in order to detoxify ROS. To test this hypothesis, we
analysed the activity and the expression of main anti-oxidant
enzymes. Fig. 3 reports measurements of the activity of Catalase
(A) and of the cytosolic (CuZn) and mitochondrial (Mn) superoxide
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Fig. 1. Mitochondrial respiratory complexes during DC differentiation. (A) WB  analysis of mitochondrial respiratory complex proteins in monocytes and DC. Equal amount
of  proteins (50 g, upper part) or proteins corresponding to equal number of cells (2 × 106, lower part) from a representative donor sample were loaded and the membranes
were  probed for the indicated proteins. (B) Quantitative data derived from the densitometric analysis of the bands is reported in (A). Values are reported as mean ± SEM
(n  = 4). (C) Enzymatic activities of Complex I and Complex IV as nmol/min/106 monocytes and DC. Values are reported as mean ± SEM (n = 4). (D) WB analysis of TOM22,
VDAC  and NDUFS3 from mitochondrial fraction isolated from 6 × 106 monocytes and DC (DC/monocytes: TOM22, 6.6; VDAC, 8.7; NDUFS3, 6.9 fold). One experiment out of
three  is represented (*p < 0.05, **p < 0.01, ***p < 0.001, DC vs monocytes).
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Fig. 2. ATP content and lactate production evaluated in the absence and in the presence of the respiratory chain inhibitor rotenone. ATP levels expressed as nmol ATP/106
cells and lactate released in the culture medium (M) were measured in monocytes (day 0), at intermediate time point (day 3) and in DC (day 6), in the absence and in the
presence of rotenone. The mean ± SEM of at least 3 independent experiments are indicated (*p < 0.05, **p < 0.01, ***p < 0.001, DC rotenone vs DC control).
Author's personal copy
1966 P. Zaccagnino et al. / The International Journal of Biochemistry & Cell Biology 44 (2012) 1962– 1969
Fig. 3. Anti-oxidant enzyme activity and expression during DC differentiation. Activity of Catalase (A) and MnSOD and CuZnSOD (B) in monocytes and DC. Results are
indicated as mean ± SEM (n = 4). (C) WB  analysis of proteins from an equal number of monocytes and DC (one experiment out of three is represented). (D) Gene expression of
Catalase, MnSOD and CuZnSOD by real-time qPCR experiments. Results are expressed as fold increase (DC/monocytes). Values are reported as mean ± SEM (n = 4) (*p < 0.05,
**p  < 0.01, DC vs monocytes).
dismutase (B). The enzymatic activity of Catalase in monocyte
precursors (approximately 3 nmol/min/106 cells) increased about
two fold upon differentiation. The analysis of the enzymatic activ-
ity of SOD revealed that the mitochondrial MnSOD form increased
much more (4.11 ± 0.39 vs 57.78 ± 5.3 U/106 cells, monocytes vs
DC) than the cytosolic form (14.88 ± 0.88 vs 94.2 ± 15.9 U/106 cells,
monocytes vs DC), suggesting that a more intense anti-oxidant
activity occurs in the mitochondrial compartment of DC. WB
analysis conﬁrmed the above data. In fact, densitometric analysis
showed a relevant increase (30.4 ± 6.9 fold) in MnSOD protein
expression, while the cytosolic enzymes, Catalase and CuZnSOD,
resulted only slightly increased upon DC differentiation (2.8 ± 0.7
fold and 4.7 ± 0.1 fold, respectively) (Fig. 3C).
Changes in anti-oxidant enzyme gene expression occurring dur-
ing DC differentiation is shown in Fig. 3D. While the relative
gene expression of the cytosolic enzymes Catalase and CuZnSOD
revealed a signiﬁcant increase in DC compared to monocytes (12.7
and 6 fold, respectively), no induction was observed in the RNA level
of MnSOD (0.21 fold). This apparently contrasting observation that
a major induction of MnSOD is seen at the protein level than at
the RNA level has been also reported previously (Angenieux et al.,
2001) and explained considering that the localization into the mito-
chondrial matrix would protect the mature mitochondrial protein
from proteolytic degradation. Consequently, it can be deduced that
during DC differentiation process, taking place in 6-days culture,
large increase in the concentration of mitochondrial proteins, such
as MnSOD, can occur from marginal increase of the corresponding
mRNA levels (Angenieux et al., 2001). Overall, these ﬁndings con-
ﬁrmed previous observations (Rivollier et al., 2006) showing that
DC are equipped with a very efﬁcient anti-oxidant systems that
may  assure higher resistance to oxidative environments.
The higher efﬁciency of antioxidant apparatus we found in mito-
chondria as compared to the cytosolic compartment of DC  may
reﬂect a condition where most of superoxide is produced in the
matrix. It has in fact been reported that Complex I generated super-
oxide is released exclusively into the matrix, together with 50% of
the superoxide produced by Complex III (Muller et al., 2004). On
the other hand, the key role of the mitochondrial SOD is illustrated
by the lethal phenotype of mice lacking the matrix superoxide
dismutase (Sod2) gene (Li et al., 1995). Finally, as described for
osteogenic differentiation of human mesenchymal stem cells (Chen
et al., 2008), our observations suggest that during DC differentiation
a coordinated regulation between mitochondrial biogenesis and
anti-oxidant defence systems needs to be orchestrated in order to
let ROS production trigger differentiation but, at the same time, pre-
vent accumulation of ROS when aerobic mitochondrial metabolism
becomes dominant.
To clarify the mechanisms underlying the regulation of mito-
chondrial biogenesis occurring during DC differentiation, we
investigate the mtDNA copy number and the mRNA expression
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levels of the main mitochondrial biogenesis-associated genes,
including PGC-1,  TFAM, and NRF-1, both in monocyte precur-
sors and in DC. Real-time qPCR experiments revealed that mtDNA
copies were approximately increased by 3.5 fold in DC compared
to monocytes (Fig. 4A). The increase of mtDNA was  associated with
the triggering of the mitochondrial biogenesis activation pathway.
In fact, the gene expression of NRF-1 and TFAM (Fig. 4B) was sig-
niﬁcant increased in DC compared to monocytes (NRF-1, 4.84 and
TFAM, 3.78 fold). Unexpectedly, at the end of the differentiation
process, DC showed very low level of PGC-1 gene expression, even
lower than monocyte precursors (0.21 fold). However, a kinetic
study of the three main mitochondrial biogenesis-associated genes
revealed that the peak in PGC-1  gene expression was suddenly
reached 3 h after the addition of speciﬁc DC differentiation soluble
factors (GM-CSF and IL-4) in monocyte culture medium. PGC-1
expression rapidly declined after 24 h culture, while NRF-1 and
TFAM showed a gradual increase in their expression culminating at
the end of the differentiation process (Fig. 4C). These ﬁndings sug-
gest that an early input by the master regulator of mitochondrial
biogenesis PGC-1 is needed to trigger the subsequent activation
of the downstream transcription factors, NRF-1 and TFAM, during
DC differentiation.
Ultrastructural features of mature DC (mDC) compared to
immature DC (iDC) and monocytes, together with the expression
levels of both mitochondrial biogenesis proteins and respiratory
enzymes were analysed. No substantial differences were observed
between iDC and mDC  on the ultrathin sections (Fig. 5B and C).
DC appeared as elongated or ﬂattened cells with thin plasmamem-
branes ﬁlopodia and eucromatic nuclei, containing numerous
rounded or rod-like mitochondria, in a typical condensed form
(Fig. 5E and F). Monocytes showed both condensed and orthodox
mitochondria, these latter having a thin inter-membrane space and
lamellar cristae (Fig. 5A and D). The quantitative analysis of mito-
chondria of the different cell types is reported in Fig. 5G. From
morphometric analysis no signiﬁcant differences in the condensed
mitochondria number were observed between iDC and mDC, which
were, on the other hand, signiﬁcantly increased compared to mono-
cytes. Thus the ﬁnal DC maturation step does not seem to be
accompanied by more active mitochondrial biogenesis.
In conclusion, what is emerging from these and the previously
reported data (Del Prete et al., 2008) is that the sudden ROS pro-
duction upon addition of the differentiation factors to the monocyte
precursor suspension induces a rapid increase of PGC-1,  a process
lasting less than one out the six days required for their differenti-
ation into DC. Since the increase of mitochondrial number/activity
induced by PGC-1 may  cause in principle an increase of ROS
production, then the protein plays a role in the regulation of the
ROS metabolic program, leading to over-expression of ROS detox-
ifying enzymes, in particular MnSOD (St-Pierre et al., 2006). ROS
level in the matrix, where superoxide is mostly released, is thus
maintained deﬁnitely low to have cells functioning normally. In
summary, this study demonstrates, for the ﬁrst time, that an active
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Fig. 5. TEM analysis, respiratory chain enzyme expression and mitochondrial biogenesis proteins in mDC, iDC and monocytes. Ultrastructural analysis of monocytes (A),
immature (B) mature DC (C). DC (B, C) lined by the plasmamembrane with ﬁllipodies and pseudopodes show the cytoplasm with numerous condensed mitochondria (E, F).
Monocytes show mitochondria with orthodoxic (asterisk) and condensed (arrow) conformation (A, D). Scale bars (original magniﬁcation): A–C, 1.42 m;  D–F, 0.25 m.  (G)
For  the morphometric analysis, mitochondria of 10 cells for each sample were counted on the electron micrographs at ﬁnal magniﬁcation of 12,000× by computer-aided
analysis. The mean value for all the micrographs ± SEM are indicated (*p < 0.05, iDC and mDC  vs monocytes). (H)WB analysis of mitochondria biogenesis and respiratory
complex protein subunits in monocytes, iDC and mDC  from a representative donor sample out of three experiments.
mitochondrial biogenesis occurs during the differentiation process
of monocytes into DC. Moreover, the ﬁne regulation between PGC-
1 and the expression of mitochondrial ROS-detoxifying enzymes
might represent a potential target in those pathological conditions
where DC functions and metabolic alterations are simultaneously
involved.
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